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I.  ABSTRACT 
 Continuous processes have several advantages over their batch counterparts and are 
prevalent across the chemical engineering industry today. The process of brewing beer, 
however, remains a batch process. Transforming the brewing process into a continuous process 
could have many advantages including lowered process down-time, increased profits, and 
higher product homogeneity. This project looked into several aspects of the brewing process to 
gain insight into the potential for continuous ethanol fermentation. First, a kinetic model was 
developed for the enzymatic breakdown of starch to simple sugars in the production of wort 
from malted barley. Next, the growth kinetics of brewer’s yeast, Saccharomyces cerevisiae, was 
investigated to determine the appropriate age of yeast required in a continuous fermentation 
apparatus and the expected pattern of growth and development. Finally, a prototype of a 
continuous fermentation apparatus was constructed for the conversion of wort to beer by 
brewer’s yeast. The success of the continuous fermentation apparatus is not yet proven; it is 
recommended that further fermentations be carried out to determine if the apparatus is 
capable of lab-scale continuous fermentation.   
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II. OVERALL BACKGROUND AND MOTIVATION 
Microbial Culture 
 Microbial culture and harvest practices are used throughout the biotechnology industry 
for a number of applications. Many modern pharmaceuticals are generated by the metabolisms 
of engineered microorganisms in cell culture and then purified for human use. Bioreactors are 
constructed to grow, culture, and mature cells with the intent of promoting specific metabolic 
activity to produce the desired products. This requires careful monitoring of gas levels in 
bioreactors, nutrient supplies, cell viability, life cycle maturity, acidity, and temperature. The 
rates of reaction, reaction pathways, and reaction kinetics are all functions of these carefully 
balanced variables and of the properties of the microorganisms themselves. 
        Microbial fermentation is used for a variety of applications. The food and beverage 
industry relies of the ability of microorganisms to naturally convert starches and sugars into 
acids, alcohols, and other organic compounds. Many of the dairy products that we consume are 
the result of microbial fermentation. Microbial fermentation of biofuels is an important 
application of the organisms’ natural abilities. Bioethanol and biobutanol are commonly 
produced from corn and other starchy biomass in microbial fermentation processes.  The 
production of these high energy fuels via microbial fermentation is a meaningful use of biomass 
in an ecologically sound way (1).  
 Perhaps the most well-known microbial fermentation in industrial practice is the 
production of beer and wine for human consumption. The beer industry today ferments over 
50 billion gallons of beer annually (2). The process of fermenting beer has been in practice since 
around the 6th century BC; recipes for various beers have been found in ancient Sumerian 
writings (3). The consumption of beer and wine in ancient cultures likely arose from the need 
for purified, sterilized beverages that would not foster the growth of bacterial organisms. 
Furthermore, beer is rich in nutrients and calories and likely served as an important source of 
nutrition at times during the year other than the harvest season (4).  It is estimated that the 
beer industry contributes around $250 billion annually to the United States economy (5).  
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 Beer is produced by the fermentation of barley, a major cereal grain, by the common 
yeast Saccharomyces cerevisiae. Yeast are unicellular fungi that reproduce by budding. They are 
approximately 5-10 microns in diameter, and ovoid in shape.  Brewer’s yeast is a top-
fermenting species, forming a foam at the top of the wort during fermentation (6).  Other 
species of yeast are used for the production of ales or lagers and are characterized by 
fermentation at the bottom of the wort (7). Also known as brewer’s yeast, S. cerevisiae strains 
used in brewing are typically those that ferment slightly less aggressively, but without many of 
the side reactions of their metabolism which cause “off” flavors in beer. The strains selected for 
brewing are also often able to tolerate higher alcohol contents in their surrounding media, 
which is advantageous in the production of alcoholic beverages. Ethanol is actually a toxic 
byproduct of yeast growth and metabolism, and at high concentrations the cells will halt 
metabolic activity and can die (8).   
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Beer Production Process 
 The current method of beer production is a batch process. The process consists of 
malting barley. The malt is then milled and fed to the mashing unit where it is steeped to 
produce a solution of starches and sugars called wort. The wort is then fed to a boiling kettle 
where it is combined with hops and other flavoring ingredients. This product is then cooled and 
fed to the fermenter where it is combined with yeast and allowed to ferment. Finally, it is 
filtered and allowed to mature (6).   
 To begin, barley, a common cereal grain, is harvested and “malted.” Malting consists of 
drying the harvested grains down to about 15% moisture content. The grains are then soaked 
and allowed to steep in order to begin germination, up to about 50% moisture content. The 
germinated grains are then dried again and roasted to the degree of roast desired for the 
particular brew. This stage in the process is called malting. Malting is particularly important to 
the process because it allows the grains to develop the enzymes needed to break down the 
starches and sugars present in the mashing process. During this process, other enzymes also 
allow for the breakdown of the non-starchy outer hull (9).  
 The malted barley is milled and fed to a mash tun. Typically, other grains are combined 
with the barley in this step to fit the desired “grain bill.” The grains are added to water at a 
desired heated mashing temperature and allowed to steep for a period of time, typically 1-2 
hours. The temperatures at which the grains are mashed activate the different enzymes 
present in the grain solutions which promote the breakdown of the starches and sugars present 
into simpler sugars. The resulting sugar solution is called wort (9).   
 The breakdown of the starches present in the grains into simpler sugars is an area of 
great interest from a chemical engineering perspective.  A grain of barley consists of around 
80% starchy endosperm to be broken down (10). Starches are macromolecules consisting of 
chains of simple sugars, and can exist in two basic arrangements.  Long chains of simple glucose 
molecules connected by 1,4-glycosidic bonds are called amylose and form coiled helices.  Starch 
can also exist in a branched chain formation where chains of glucose molecules are connected 
by 1,4-glycosidic bonds and 1,6-glycosidic bonds branch off to form chains in a perpendicular 
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direction. This formation is called amylopectin (11). Two enzymes present in the grains, α-
amylase and β-amylase are responsible for the breakdown of both amylose and amylopectin 
into the simpler sugar units. The simple units that are present in any discernible quantity in a 
wort profile include fructose, dextrose, sucrose, maltose, maltotriose, and maltotetraose (12).  
 When warm water is added to the grains, the macrostructure of the starch molecules 
expands and allows the starch to be reached by the amylases. β-amylase acts to cleave 1,4-
glycosidic bonds from the ends of chains producing maltose. α-amylase is less limited and can 
cleave both 1,4-glycosidic and 1,6-glycosidic bonds to produce smaller sugars of varying length. 
Simple sugars are much more fermentable than larger sugars, so the sugar profile of the wort 
has a direct effect on both the alcoholic content of the beer and the end flavor profile resulting 
from sugars left unfermented (8). The two amylases are activated and deactivated at different 
temperatures, and therefore act in varying combinations of activity on the mash solution with 
varying mash temperatures. α-amylase is most active in the range of 70-75 °C and deactivates 
at 80 °C. β-amylase is most active in the range of 60-65 °C and deactivates at 70 °C (13). Mashes 
can also be carried out in decoction form, where some grain is added to the mash, the 
temperature of the solution is brought up, more grain is added, and then the temperature is 
brought down. This later addition of the grains with fresh enzymes can produce a difference in 
the sugar profile of the wort (14). The mashing temperature, grain bill, and infusion process all 
play a role in the enzymatic breakdown of starch to simpler sugars in the mashing process.  
 Following mashing, the wort is filtered from the spent grain in a process called lautering. 
The wort is then sent to a boiling kettle where hops and other flavoring ingredients are added. 
This step is important because it sterilizes the wort. In this step, proteins precipitate, the wort is 
concentrated, and off-flavor components such as esters and sulfides are volatilized and 
removed from the wort. The resulting product is allowed to settle to clarify and solids left in the 
wort are removed (13).  
 From here, the wort is sent to coolers where it is brought down to fermentation 
temperatures in the range of 20-26 °C. The wort is aerated with sterile air and then yeast is 
added. In most modern breweries, large cylindrical conical vessels are used as fermentation 
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tanks.  The sugars are metabolized into alcohol and carbon dioxide in this process. The 
temperature, carbon dioxide levels, and alcohol content of the wort are measured carefully 
during the fermentation process. The strain of yeast used contributes to the alcohol content of 
the end product, as ethanol is a toxic metabolite and actually inhibits the metabolic activity of 
yeast. Strains are selected for which can tolerate higher levels of alcohol in their surrounding 
media to produce beers with higher alcohol contents. Most beers require at least a week of 
fermentation; the measured alcohol content of the beer allows brewers to halt the process at 
the desired alcohol content (3).  
 The beer is then filtered from the bulk of the yeast and aged. Remaining yeast in the 
solution is able to continue a small level of activity to alter the flavor profile and continue to 
ferment sugars at a very low level of activity. Flavor components in the beer are allowed to 
mature to produce the desired end product. The remaining fermentation at this point can 
carbonate the beer, or additional carbon dioxide may be added to produce the desired level of 
carbonation in the final product. The beer is finally bottled and packaged (13).  
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Batch versus Continuous Processing 
 Most bioreactors designed for fermentation processes currently operate as batch 
reactors. In a batch reactor, products are combined and allowed to react or mature in a single 
unit. After the reaction(s) are complete, the products are harvested and undergo further 
purification steps. Batch reactors lack continuous flows of products or reactants. They act just 
as their name indicates: single batches of reactants form batches of products. In between 
batches, the reactors typically undergo a cleaning and sanitization period. This is perhaps the 
most major downfall of batch reactors: there is a large dead time associated with the period 
between batches.  Other disadvantages of using batch reactors include unsteady state 
operation, and variation between batches (15). The advantages of batch reactors include the 
ability to handle slurries or biologic systems very well, an advantageous capital cost to 
production cost ratio for small volumes of materials, and high flexibility for multi-purpose 
operations (15).   
 Chemical processes seek to operate under continuous flow. The advantages are 
manifold. Continuous flow reactors have a high conversion of product per unit volume. There is 
low operating cost due to automation inherent in continuous flows. They have excellent heat 
transfer and have high product similarity. Batch reactors have problems with batch to batch 
variation due to the mixing of a new set of reactants each time and slight variations in batch 
conditions. Making processes continuous alleviates this batch to batch variation. While cleanup 
can be more difficult in a continuous flow reactor due to machine shut-down being a more 
complex process, cleaning typically has to take place less often as constant flow mixes and 
prevents unwanted buildup of chemical and biological waste. The major negatives of 
continuous reactors are the high capital costs required (15).   
 Continuous reactors can operate as continuous stirred tank reactors (CSTR) or as plug 
flow tubular reactors (PFTR). CSTRS are well mixed tanks which appear like a batch reactor in 
size and shape and typically stirring and aeration methods. However, they have both a flow in 
and a flow out, making the process continuous. The reaction happens within the tank and by 
the time the reactants flow out they are in their product forms. In a PFTR, reagents are pumped 
down the length of a tubular reactor, and the reaction takes place to completion by the end of 
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the reactor’s length. It is assumed that liquid in the reactor does not mix, but rather exhibits 
plug flow behavior. Reactants can be introduced at different locations along the length of the 
reactor, and temperature gradients can be developed as well. A chemical gradient exists along 
the length of the reactor.  PFTRs typically have higher conversions than CSTRs of the same 
volume, thus giving higher yields of product in the same amount of space with the same 
amount of reactants (15).   
 On an industrial scale, brewing exists as a batch process. Despite the vast majority of 
processes that operate in continuous regimes, brewing is one where the presence of biological 
components and the long history have entrenched it as a batch process. One brewer in New 
Zealand operates an industrial scale continuous brewing process (14). DB Breweries introduced 
the concept of continuous brewing in the 1950s. The process is not truly continuous, as the 
wort producing-step is carried out in large volumes in batch steps and then stored. The stored, 
cooled product is used as a continuous feed to the fermentation system. This system is made 
up of a cascade of three continuous vessels. The first two vessels are stirred and the third vessel 
is unstirred and allows the beer to be separated from yeast. After the third vessel, the small 
amount of yeast remaining in the beer matures the flavor in a maturation vessel.  The total 
residence time in the vessels is between 40 and 120 hours. While this process hails itself as 
continuous, the long residence times and batch wort production process really renders the 
process slightly better than its batch counterpart.  An important part of the DB Breweries 
system to note is that the yeast fed to the wort is already in active fermentation stage of the 
life cycle; therefore, there is not a significant lag time between yeast introduction and 
fermentation. The residence times in the three reactors are fine tuned along with the 
concentration of yeast present in each to achieve the desired beer product. Also notable is a 
wort oxygenation step which controls how fast the yeast are able to ferment. According to DB 
Breweries, their system is the only known industrial continuous fermentation system in place 
today.  
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Figure 1: DB Breweries Continuous Fermentation System 
  
 The DB Breweries reactor design is essentially two long-residence CSTRs in series. 
However, for the purpose of ethanol fermentation, a CSTR is not the best choice, even if the 
residence time is long. CSTRs approximate perfect mixing and homogeneity of the solution. The 
residence time is reported as an average of all of the molecules; however, any one molecule 
could spend more or less than the reported residence time in the reactor. This is generally fine 
for steady state fast acting chemical reactions. However with a sensitive, biological process like 
fermentation, it would be much more ideal if a plug flow reactor achieved a true residence time 
of movement through the reactor module, which would hold true for all of the molecules of 
reactant present.  Highly accurate residence times are particularly important for yeast cells. 
Yeast cells that spend too long in a reactor would die, and the toxic byproducts of cell death 
and the dead cells themselves would have negative impacts on the quality of the final product.  
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Hollow Fiber Modules 
 Interesting advances have been made with reactor design coupled to membrane 
technologies. Membranes are now made on a very small scale and in variety of materials, and 
membranes for biological separations are commonplace. The pore sizes on these membranes 
exist on the nanometer scale which allows for the filtration of extremely small biological 
particles.  
 Often, these membranes are formed into tubular structures called hollow fibers. The 
walls of the small-diameter tubes are made of porous membrane material and liquid can flow 
through these tubes. When subject to a gradient, with liquid on the outside of the tubes for 
example, exchanges can occur across the membrane. These hollow fibers are often bundled 
together and placed inside a housing of a larger closed tube. This arrangement allows the 
hollow fiber module to act as a small plug flow reactor. Liquid can be flowed through the inside 
of the hollow fiber channels as well as through the outer shell. The contacting liquid allows for 
molecular exchanges and reactions to take place while keeping the flows separate. Hollow fiber 
modules are in use as lab-scale bioreactors today (16).  
 Hollow fiber modules would transition to the industry scale in one of two ways. The first 
would be an overall increase in the size of the module, both in the size of the outer shell and in 
the diameter of the hollow fibers. This would have interesting implications for scale-up; 
because yeast cells would remain the same size, the ratio of yeast cells contacting the solution 
at any point would decrease the larger the diameter of the hollow fibers. One of the 
advantages to using the small hollow fibers is that yeast lining the hollow fiber circumference 
would be maximally contacting the surrounding wort through the porous walls. Increasing the 
diameter of the hollow fibers could decrease the expected conversion.   
 Otherwise, the same small diameter hollow fibers could be used but with a large 
number of hollow fibers or a large number of small units in series or in parallel. Using a large 
number of hollow fibers in a large scale module would likely show similar conversions to the 
lab-scale module if the ratio of fiber space to lumen space was kept constant. Using many small 
hollow fiber units in series would likely show the expected conversions predicted based on the 
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feed into each; however, the capital cost would probably increase.  The length of the hollow 
fiber fermenter would also need to be investigated, as conversion is a function of length in a 
PFTR.  
 
Overall Goals 
 It would be industrially advantageous if the brewing industry transitioned to a 
continuous reactor form rather than the batch process. It has already been highlighted that 
batch processes have many disadvantages that their continuous counterparts do not face. The 
most important of these disadvantages for the brewing industry are batch to batch variation 
and the down time inherent in a batch process. Lost time equates with lost profit. While 
technical limitations account for a major part of why continuous fermentation is not the 
industry standard at present, the long history of brewing itself is another obstacle. Many 
breweries operate on centuries-old recipes and procedures and the revolutionizing of the 
brewing industry to continuous flow systems is a far-off goal. 
 This project aimed to investigate three major pieces of the fermentation process in 
order to gain insights into the transition to continuous brewing. The first step is the enzymatic 
breakdown of the starches in the mashing process. A time-dependent kinetic model to predict 
the sugar profile from starch breakdown was developed based on empirical data.  Next, the 
basic growth kinetics of the yeast used, S. cerevisiae, were investigated in order to better 
understand at what point the yeast would be in a fermentation stage of their lifecycle. This 
would be important for a continuous brewing process where fresh, fermentation-ready yeast 
would need to be fed to a continuous wort stream.  Differences in the ability of the yeast to 
ferment based on their maturity would have drastic consequences in a continuous process.  
 Finally, the actual development of a lab-scale continuous fermentation unit was 
investigated. The design of the system aimed to incorporate hollow fiber technology in the 
form of a small-scale PFTR as the fermentation unit. This unit would take the place both of the 
traditional fermentation tank and the filtration unit to separate yeast on an industry scale. A 
hollow fiber module was used to construct a continuous fermentation apparatus. Yeast cells 
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from a continuous culture are flowed through the inner hollow fibers. The pore size of the 
membrane module is small enough to prevent the transfer of yeast out of the hollow fibers; 
however, the membrane still allows for the fermentation reactants and products to pass. Wort 
is flowed around the hollow fibers, in the space called the lumen. The nutrients contact the 
yeast cells and sugars would diffuse into the hollow fibers.  It is desired that continuous flow of 
both of these streams with the appropriate rate recycle stream would eventually allow for 
fermentation of the wort and ethanol production by the yeast cells. By housing the yeast cells 
in this hollow fiber arrangement, the contacting of yeast cells and nutrient solution will be 
maximized, increasing reaction efficiency.  
 While this particular project investigated the fermentation of wort, the fermentation of 
any sugar solution to produce ethanol could be easily achieved by the same means used in this 
study. As stated previously, the fermentation of biomass to produce bioethanol and biobutanol 
has implications for the energy industry. Producing ethanol from wort is only one of many 
potential applications of a hollow fiber fermentation apparatus.   
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III. PART ONE: WORT ENZYME KINETICS 
Literature Review 
 Several researchers have investigated models for predicting starch breakdown. 
Koljonene et al formulated a model describing the hydrolysis of starch catalyzed by α- and β-
amylase (17). This study investigated the mashing of Finnish malted barley at various 
temperatures to develop a rate mechanism for the breakdown. The model developed included 
the rate of starch gelatinization to open the macrostructure to enzymatic breakdown, and a 
combination of temperature-based Arrhenius kinetics and Michaelis-Menten enzyme kinetics. 
The model predicted the concentrations of active enzyme as well as the concentrations of 
sugars expected. The model was more accurate in its predictions of active enzyme present than 
in its predictions of the sugar profiles; however, it predicted both reasonably.  
 A similar study was conducted by Brandam et al to model the degradation of starch (18). 
This study accounted for starch being present in its two forms, as amylose and amylopectin. 
The two forms are acted upon differently by α- and β-amylase; therefore, considering the 
starch composition is important for the accurate prediction of the enzymatic breakdown. This 
study decoupled the activities of each of the amylases and their denaturing was considered as a 
separate reaction scheme. Only Arrhenius first-order expressions were used for the prediction 
of the model.  
 Invertase is a molecule that catalyses the transition between glucose and sucrose. A 
study carried out by Marc et al created a model that accounted both for α- and β-amylase as 
well as invertase to predict starch breakdown (19). The dissolution rates of the enzymes in the 
wort as well as their denaturation rates were included in the model. Mash temperatures for 
this model ranged between 40 and 65 °C. This model fit the kinetic parameters to first-order 
Arrhenius-type parameters and a Michaelis-Menten expression. 
 Starch breakdown has been investigated outside of the context of brewing as well. 
Murthy et al developed a starch hydrolysis model for the conversion of corn to ethanol 
production for fuels (20). Starch was considered to be a combination of amylose and 
amylopectin. The model considered the mashing temperature as well as the pH of the mash 
17 
 
which affects enzymatic activity. A Monte Carlo simulation was used for the prediction of 
glucose and dextrose concentrations in the end profile.  
 
Methods/Experiments 
 The enzymatic breakdown of starch from the grains present in the mashing process was 
investigated in order to develop a time-dependent kinetic model to predict end sugar profiles in 
wort.  The experimental work for this portion of the project was carried out by Mark Williams in 
work for his Master’s degree thesis (21). The major experimental methods and results will be 
summarized here as they pertain to the development of the kinetic model later in the project. 
 Experiments were conducted in order to measure the starch and sugar profiles during 
mashing at various isothermal conditions. A dry grain bill of 85.5% Canadian 2-Row barley was 
milled and placed into an empty, insulated mash tun. Water was heated to the appropriate 
strike temperature and added to the mash tun. A grist ratio of 3.3 was used for the 
experiments. The chosen isothermal mash temperatures were 61, 64, 67, 70, and 73°C and 
each temperature was conducted in triplicate. A mixer was used to keep the mash well stirred 
and a heating coil connected to a Fisher Scientific ISOTEMP 4100R2011 was used to maintain 
the temperature of the isothermal mashes.  
 After infusion of the water to the grain, about 30 seconds were waited to let the 
mixture adequately mix, and then samples of the wort were taken. 10 mL of wort sample were 
added to vials containing 10 mL of 0.005 M ammonium hydroxide and placed in an ice bath, 
halting enzymatic activity through a pH and temperature shift. Samples were collected every 5 
minutes for 1 hour and at time zero (30 seconds) for 13 samples for each isotherm. The total 
amount of extracted material in the solution was measured for each sample using a handheld 
ALLA FRANCE© refractometer. This measures degrees of Brix, a common measurement in the 
brewing industry, where each degree of Brix corresponds to 1 gram of sucrose in 100 grams of 
solution. A calibration curve for degrees of Brix was developed and used to match the degrees 
Brix readings to total dissolved extract.  
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 The sugars in each of the samples were measured with HPLC. The sugars measured were 
fructose, dextrose, sucrose, maltose, maltotriose, and maltotetraose. Prior to sampling, the 
solutions were centrifuged to settle out any large molecular weight carbohydrates and 
proteins. Twenty mL of the supernatant was diluted 25X with acetonitrile/water solution in a 
75%/25% mixture. The solution was sterile filtered and fed to the HPLC column. Given the initial 
dilution with ammonium hydroxide, the final dilution of each sample was 50X.  
 The HPLC column used was a Kromasil© (KR100-5-NH2-4.6x250) amine packed column 
operated in reverse phase at 35°C on a Shimadzu liquid chromatograph. It was calibrated with 
solutions of known pure sugar concentrations. The raw HPLC data was extracted and an 
autozero function and a function to correct for baseline drift were applied. A filter was also 
applied to smooth the curves to minimize noise. Peak heights rather than peak area were used 
in conjunction with the calibration solutions to determine the concentrations of sugars in the 
wort samples.  
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Experimental Results 
 The results of the degrees of Brix concentration measurements are summarized in the 
figure below. The highest temperature mashes showed the highest total extract concentrations, 
which is to be expected due to increased gelatinization and enzymatic activity of the amylases. 
It is likely that the lower temperatures favored only the activity of β-amylase, which prefers 
lower temperatures, and that the higher temperature mashes were able to employ a combined 
enzymatic activity of both α- and β-amylase. Thermal denaturation of the starch at higher 
temperatures may also account for the increased total starch extracts.  
 
 
Figure 2: Isothermal Total Starch Extract 
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 These total extract values were used to calculate the available starch for decomposition 
during mashing. The total starch that was able to react was calculated by taking the sum of the 
concentrations of sugars measured by the HPLC. The unreactable starch was taken as an offset 
for each of the experiments. Plots were generated of the sugar profiles as well as available 
starch profiles with respect to time for each of the isotherms. A representative plot for a single 
isotherm is shown below and the results for all isotherms are given in the appendix.  
 
Figure 3: Sugar Profiles at 61 C Mash 
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Model Development 
 A kinetic model was developed to predict the sugar profiles of the mash with respect to 
time and mashing temperature. The model was based on simple kinetics using irreversible rate 
laws for the formation of fructose, dextrose, sucrose, maltose, and maltotriose. (Maltotetraose 
was not considered because its formation was shown to be negligible in the experimental data.) 
The order of the laws was set as order α, where α=0,1,2, etc. Using orders that were not whole 
numbers was investigated. However, it was deemed that to better represent the reaction on a 
molecular level, it would be best to use integers as the reaction order. Reaction order is 
indicative of the molecules involved in the reaction. In a typical kinetic expression, the order of 
any reactant is its stoichiometric coefficient. Fractional rate orders typically indicate complex 
chain reactions so whole integers were deemed the best option. Because the sum of the sugars 
was taken as the available fermentable starch, the rate of starch decomposition was taken as 
the sum of the rates of formations of the sugars, rather than fitting a rate law to the 
decomposition of starch itself. 
 The rate laws proposed are as follows. The rate constants kn (n=1, 2, 3, 4, 5) are 
experimentally derived from data for each of the sugars, fructose, dextrose, sucrose, maltose, 
and maltotriose respectively. Similarly, the reaction orders αn (n=1,2,3,4,5).  Each rate 
expression does not take into account the likely stoichiometry of the reaction.  
 
    𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒: [𝑆] → [𝐹]     𝑟� = 𝑘�[𝑆]��       (1) 
    𝐷𝑒𝑥𝑡𝑟𝑜𝑠𝑒: [𝑆] → [𝐷]    𝑟� = 𝑘�[𝑆]��    (2) 
    𝑆𝑢𝑐𝑟𝑜𝑠𝑒: [𝑆] → [𝑆𝑢]    𝑟� = 𝑘�[𝑆]��     (3) 
    𝑀𝑎𝑙𝑡𝑜𝑠𝑒: [𝑆] → [𝑀]    𝑟� = 𝑘�[𝑆]��      (4) 
    𝑀𝑎𝑙𝑡𝑜𝑡𝑟𝑖𝑜𝑠𝑒: [𝑆] → [𝑀3]    𝑟� = 𝑘�[𝑆]��    (5) 
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 These rate laws were then written as differential equations to satisfy the formation of 
the five sugar species, the breakdown of starch, and the temperature differential. For the 
isothermal experiments the temperature rate of change was set to zero. These rate laws were 
solved as a system of equations with the extracted kinetic parameters in MATLAB in order to 
yield a model of sugar profiles based on a given initial starch concentration. 
     �[�]
��
= 𝑟� = 𝑘�[𝑆]��      (6) 
     �[�]
��
= 𝑟� = 𝑘�[𝑆]��      (7) 
     �[��]
��
= 𝑟� =  𝑘�[𝑆]��     (8) 
     �[�]
��
=  𝑟� = 𝑘�[𝑆]��      (9) 
     �[��]
��
= 𝑟� = 𝑘�[𝑆]��      (10) 
    �[�]
��
=  −(𝑟� + 𝑟� + 𝑟� +  𝑟� + 𝑟�)      (11) 
      ��
��
= 0      (12) 
 The concentrations of the sugars versus time were plotted in molarity by converting the 
mass of sugars to moles based on the known molecular weights. The plots of concentration 
versus time for fructose, dextrose, sucrose, and maltotriose showed the expected linearity for 
zero-order reaction kinetics. The parameter α was extracted for these sugars as 0. The slopes of 
these lines were taken as the rate constants for each of the sugars at each temperature. The 
initial rate of formation of maltose could be described as zero-order as well; however, after 
about 600 seconds, the rate was best described with first order kinetics, α=1. In order to extract 
the rate constant for the steady state maltose formation rate, the graph of the natural log of 
concentration versus time was plotted. The extracted rate constants and parameters for the 
different sugars at varying temperatures are summarized in Table 1.  Equations correlating the 
rate constant to temperature were also made for each sugar. The plots for these were fit with a 
fourth order polynomial, indicating that the relationship between temperature and rate 
constant for this model is purely an empirical fit and has little relation to a physical description 
23 
 
of the system. Please see the appendix for a complete set of graphs showing the plots of 
concentration versus time for the extraction of kinetic parameters.  
 
Table 1: Extracted Kinetic Parameters 
 The kinetic parameters found from the experimental data were then used in the 
MATLAB model with the rate equations developed. The ODEs were solved with the built-in 
MATLAB ODE solver utilizing the Euler method (ode45). The model predicted the experimental 
end profiles of the sugars fairly accurately. It is expected that the model, which was developed 
from the experimental data, should fit the data well when represented as a system of 
differential equations. Graphs showing the experimental data along with the model results 
were plotted for each isotherm. The complete results are shown in the appendix and the result 
of one isotherm show below in Figure 4.  
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Figure 4: Experimental vs. Model - 61 °C 
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 The percent error of the isotherm predictions from the experimental data are 
summarized in the table below. As seen, the model predicts the end sugar profiles very 
accurately, all to within 20% error.  The model consistently overpredicted the amount of 
available fermentable starch in the reactor. The model tended to predict the most abundant 
sugar, maltose. The underprediction of the reaction of maltose would likely overpredict the 
amount of unreacted starch. Nevertheless, while the starch profiles were consistently 
overpredicted, the sugar profiles all fell within reasonable limits of a successful model. 
 
 
Table 2: Percent Error for Model vs Experimental of Isothermal Mashes 
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Conclusions 
 The kinetic model developed using simple rate laws of order 0 and 1 was able to 
accurately predict the end profiles of the sugars in the mash process with respect to 
temperature and time. Fitting the data experimentally, however, does have some inherent 
flaws. 
 First, the fact that the proposed reactions do not account for the stoichiometry of the 
actually reaction is a major failing. If the length of glucose units could be represented in the 
expression for the starch chain, and the smaller sugar species represented as their length in 
glucose units, the model would likely be much more accurate. For example, one length of 
starch that is 6 units long could produce 6 units of fructose or 3 units of sucrose. Incorporating 
the length of the starch chain and the amount of smaller sugar species that chain could 
potentially produce would eliminate a source of the more empirical nature of the model and 
replace it with something more descriptive of the chemical mechanisms. In the case of the 
model proposed, the rate alone has to account for the differences in formation of the sugar 
compounds.  
 Second, ideally conditions would have been tested that allowed for a Michaelis-Menten 
analysis of the starch breakdown system.  Michaelis-Menten kinetics was incorporated into 
most of the models from literature, and it is the standard enzyme kinetic model. In the 
Michaelis-Menten model, the enzyme concentration is important in predicting the rate of 
reaction. The rate reaches a maximum velocity based on the saturation of the enzymes active 
sites with the substrate (in this case starch). Because the method of starch breakdown is known 
to be carried out by the two amylases, it would be ideal if a model containing their enzymatic 
activity was created.  
 The typical shape of a Michaelis-Menten plot is shown below, both for reaction rate and 
for concentration profiles. The concentration profile graph shape matches the shape seen in 
the trials conducted, and it is likely that the enzymatic activity seen in the system could be well 
described with a combination of Michaelis-Menten kinetics and Arrhenius kinetics.  
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Figure 5: Michaelis Menten Plot of Reaction Rate v Enzyme Concentration (22) 
  
 
Figure 6: Michaelis-Menten Plot of Concentrations versus Time (23) 
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 To determine the maximum velocity and Michaelis-Menten constant for a reaction 
system, a Lineweaver-Burk plot can be used. For a Lineweaver-Burk analysis, it is assumed that 
the basic Michaelis-Menten equation holds true for the system:   
     𝑣 = ���� [�]
��� [�]       (13) 
where v is the reaction rate, vmax is the maximum rate, [S] is the substrate concentration, and 
Km is the Michaelis-Menten constant. By plotting 1/[S] on the x axis and 1/v on the y axis, the 
equation reduces such that the slope of a linear fit to the experimental data yields km/vmax as 
the slope of the line and 1/km as the x intercept. The below graph is a typical Lineweaver-Burk 
plot. 
 
Figure 7: Lineweaver-Burk Analysis Plot (24) 
 Thus, it would be desirable to carry out a Lineweaver-Burk analysis on the data to 
determine the Michaelis-Menten parameters associated with each of the enzymes. The exact 
starch concentration of the solution would need to be determined and varied for a meaningful 
analysis. However, the enzymatic concentration would need to stay constant with the varying 
starch concentration to achieve the correct parameters. Because the amylases present come 
from the grains themselves, as do the starches, it is a difficult problem to address. 
Nevertheless, looking more into the Michaelis-Menten aspect of the system is highly 
recommended.   
29 
 
IV: PART TWO: YEAST GROWTH KINETICS 
 
Literature Review 
 A basic understanding of the characteristics of yeast growth is important if continuous 
fermentation is being considered. The yeast present in the system must be in an adult, mature 
state when added to the fermentation unit in order to achieve the appropriate expected 
conversions. In a typical model of binary cell growth for unicellular organisms, the expected 
growth curve would display the following trends. 
 
Figure 8: Typical Binary Growth Curve for Unicellular Organisms (25) 
 The cells begin in a lag phase where their number does not increase. The inoculate of 
cells adjusts to the environment change, taking up nutrients, and preparing for division in this 
time. In the exponential growth phase, the cells rapidly divide and make use of the nutrient 
stores in the system to increase in population density. Following the exponential growth phase, 
the cells enter a stationary phase where the nutrient limitations prevent further cell division 
but nutrient concentrations are high enough to maintain a cell population at high density. 
Finally, the cells enter a death phase. This can be nutrient-limited death, or death due to toxic 
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byproduct buildup that would not be present were the cells free in a natural environment 
where toxins could diffuse (26). 
 The most basic model of growth in microorganisms is the exponential growth equation 
to describe cell division in the exponential phase. The equation is as follows:   
     𝑋� = 𝑋��𝑒�_���(����)      (14) 
where Xt is the biomass at time t, Xt0 is the biomass concentration at time point zero, μmax is 
the maximum specific growth rate (hr-1), t is the time and t0 is time zero. The specific growth 
rate for yeast is typically around 0.5 h-1 (27). 
 For the growth assays, the yeast was grown on pure maltose, because it was the sugar 
present in the highest concentrations in the mashing experiments. A study was done by 
Weusthuis et al that investigated the kinetics of maltose transport in S. cerevisiae in continuous 
culture (28). While glucose is imported into yeast via facilitated diffusion, maltose is 
transported by an active proton pump. The study found that when yeast was grown in solutions 
of the glucose and maltose in different ratios, those that had a higher proportion of maltose 
showed less yeast growth. The total yield of cells when the yeast was grown on maltose alone 
compared to glucose alone was 25% less. While this project’s choice to grow the cells on 
maltose to match the wort profile was an informed decision, the growth rates and cell counts in 
this experiment might be lower than expected if the cells were grown on glucose or mixed 
sugar base given the knowledge of the energy required to input maltose to the yeast cell.  
 While yeast were grown on sugar alone in this study, the yeast fed to the proposed 
hollow fiber reactor will likely interact with ethanol. Despite being a byproduct of the yeast 
growth and fermentation, ethanol is a toxic inhibitor to yeast growth and will kill the yeast in 
high enough concentrations. A study was carried out by Brown et al to determine the effect of 
ethanol on growth inhibition in yeast (29). The growth inhibition kinetics showed complex 
kinetics, due to both an inhibition of the growth rate, and a loss of viable cells. The 
fermentation inhibition kinetics were more straightforward, showing a typical non-competitive 
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inhibition pattern. Furthermore, ethanol was less inhibitory toward fermentation than to 
growth.  
 Finally, most kinetic assays of yeast, including the investigation in this project, are 
carried out with the yeast floating in solution. However, in the proposed hollow fiber design, 
there will likely be some adherence of the yeast to the walls of the hollow fibers; in fact, 
maximizing the distribution of yeast on the walls of these fibers is desired. In a study done by 
Doran and Bailey, the kinetics of yeast growth and fermentation properties of yeast 
immobilized on gelatin were studied (30). The rate of ethanol production in the immobilized 
cells was 50% higher than for suspended yeast. The immobilized cells consumed glucose for 
fermentation twice as fast; however, the specific growth rate was reduced by 45%. This has 
important implications for predictions about the proposed hollow fiber reactor. It would be 
expected that the cells in the hollow fiber reactor for fermentation show potentially higher 
ethanol production rates and lower growth rates, both of which would be advantageous for the 
desired application.  
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Methods/Experiments 
 A yeast growth curve was developed by growing yeast in a 48-well plate in a plate 
reader to measure the optical density of the yeast with respect to time as they grew. The 
optical density was used to give a qualitative measurement of yeast concentration with respect 
to time. No calibrations of known yeast concentration were carried out in the plate reader to 
determine a correlation between optical density and yeast concentration.  
 Nottingham Brewing Yeast was purchased from DANSTAR for use in the fermentation 
studies. 5.5 grams of dry yeast were added to 250 mL of water containing 18.75 maltose. The 
initial water was sterile filtered to prevent contamination by unwanted bacteria, and the 
container was autoclaved prior to the addition of the media ingredients.  The maltose 
concentration of this original solution was 75 g/L and the yeast concentration 0.022 g yeast dry 
mass /mL. The yeast was allowed to grow for 24 hours in this environment.  
 A 48-well plate was prepared for the plate reader with 5 different concentrations of 
maltose solutions. Solutions of concentration 25, 50, 75, 100, 125, and 150 g/L were prepared 
in sterile DI and then sterile filtered. The solutions could not be autoclaved to ensure sterility 
because of their sugar content, which would have caramelized at high temperatures in the 
autoclave. Another sterile maltose solution was made to increase the concentration of the 
maltose and yeast solution and simultaneously dilute the yeast solution. About 310 g/L pure 
maltose solution was prepared and combined with the 24-hour yeast stock in a ratio of 
2.42:2.57. This yielded a final yeast solution that was 150 g/L maltose and 0.011 g/mL yeast.  
 The 48-well plate was set-up according to the following diagram. Sterile DI was added in 
the wells surrounding the test wells in order to humidify the environment inside the plate 
reader and to attempt to stop evaporation of the maltose solutions. For each concentration, 
blank wells were prepared which contained the appropriate concentration of sugar solution 
and no yeast inoculate. These wells were used as a control to ensure that any growth in the 
plates was due to the inoculated yeast. These wells also served to correct the optical density 
measurements, adjusting for the different concentrations of sugar in each trial. For each plate, 
three yeast inoculates were carried out for each concentration. These replicates were carried 
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out merely for volume of data, not in a traditional replicate sense. Because the same yeast cell 
cannot be inoculated into each well, and the exact quantity of yeast injected depends on the 
clumping of the cells and distribution in the original solution, there could be no real replicates 
in the procedure.  
 
Figure 9: 48-Well Plate Arrangement 
 To create solutions of the desired concentration for the wells that were inoculated with 
yeast, the concentrated solutions were combined with 10 μL of the 150 g/L maltose/yeast 
solution. This solution had the same maltose concentration of the highest concentration of 
maltose used for the tests; therefore varying amounts of this solution were used with the other 
prepared solutions and diluted with sterile DI water to achieve the final desired concentrations. 
The total volume of liquid in each of the wells was maintained at 200 μL.  
  For the wells containing no yeast, 200 μL of the pure sugar solutions were added to 
each well. For example, 200 μL of the 25 g/L solution were added to the blank for the 25 g/L 
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test row, 200 μL of the 50 g/L solution were added to the blank for the 50 g/L test row, etc. For 
the 25 g/L trials that had a yeast inoculate, 10 μL of yeast solution were combined with 50 μL of 
sterile DI and  140 μL of the 25 g/L maltose solution. For the 50 g/L trials, 10 μL of the yeast 
inoculate were combined with 20 μL sterile DI and 170 μL of 50 g/L maltose solution. For the 75 
g/L trials, 10 μL of the yeast inoculate were combined with 10 μL of sterile DI and 180 μL of the 
75 g/L maltose solution. For the 100 g/L trials, 10 μL of yeast inoculate were combined with 5 
μL sterile DI and 185 μL of the 100 g/L maltose solution. For the 125 g/L trials, 10 μL of yeast 
inoculate were combined with 2 μL of sterile DI and 188 μL of the 125 g/L maltose solution. And 
finally, for the 150 g/L trials, 10 μL of the yeast inoculate were combined with 190 μL of the 150 
g/L maltose solution. Each well contained yeast in 5.66*10-4 g/L concentration, which is typical 
of what would be expected in a fermentation unit. 
 Once prepared and inoculated in a sterile air hood, the plate was covered and 
transferred to the plate reader. A Synergy HT BioTek Plate Reader was used to measure the 
optical density at a wavelength of 600 nm, in the visible light range. The temperature was 
maintained constant at 22°C which is in the optimum growth range for yeast. Readings were 
taken automatically every 10 minutes for 24-26 hours and the plate was shaken for 10 seconds 
before each read. Shaking the plate is important to disperse the growing cells and make sure 
that the cells are distributed as evenly as possible through the solution, rather than settling 
together (flocculation) or settling on the bottom. 
 Several trials were also carried out where a much smaller amount, 1 μL of yeast was 
inoculated into the wells in order to lower the optical density readings to see a more detailed 
growth pattern, rather than look at the bulk of yeast. Ideally, a single cell would be used to 
make a growth curve. Using a small inoculate volume comes as close to this ideal case as 
possible, however it runs the risk of the inoculate not having any viable yeast and therefore not 
growing. 
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Experimental Results 
 Ensuring the sterility of the plate was difficult, even with the most favorable 
circumstances of sterile filtration and manipulation inside a sterile air hood. Therefore, the 
blank wells were considered on each plate before using data from the rest of the plate.  
 In the first trial, the graph of the blank wells versus time showed contamination in the 
75, 100, and 125 g/L blank wells. This is indicated by the presence of a change in optical density 
in these wells. Therefore, only data for the blank wells that showed no growth was examined 
for this plate.  
 
Figure 10: Blank Readings for Plate 1, Concentrations are of Maltose 
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 On this plate, the 25 g/L, 50 g/L, and 150 g/L wells were examined. In each plate, three 
replicates were carried out for each concentration. In some cases, the yeast inoculate did not 
grow, likely due to a lack of viable cells in the suspension. In other cases, clumping caused 
erratic behavior in the optical density measurements. Therefore, the best yeast inoculate is 
presented in the following discussion. In Figure 11, the yeast growth curves with their 
respective blanks are shown.  The majority of inoculates did show growth.  
 
Figure 11: Non-Normalized Growth Curves for Plate 1, Concentrations are of Maltose 
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 To normalize the optical density to account for the sugars present in the solution in 
addition to the yeast, the blank well optical density measurements (OD) were subtracted from 
the OD measurements for each of the values. The results are shown in Figure 12.  
 
Figure 12: Normalized Yeast Growth Curve for 15, 50, and 150 g/L Maltose 
 The growth curves for this plate highlight several important things. First, as would be 
expected, the yeast wells that were given higher concentrations of maltose show a higher 
optical density, indicating that more yeast grew. Ideally, each trial would start at the same 
optical density of around 0.17 OD. While both the 50 and 25 g/L trials do, the 150 g/L trial 
actually starts slightly below that, at about 0.14 OD. While this does not change the fact that 
the end quantities of yeast can only be compared relatively, it is still important to note that 
slightly less yeast was added to the 150 g/L sample to begin. The 150 g/L sample showed the 
steepest growth rate between 4 and 9 hours. Importantly, the growth of this sample leveled off 
around 15 hours and stayed relatively constant. Thus, it can be said with confidence that the 
yeast cells are fully mature around 24 hours.   
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 The experiment was carried out several times to obtain the full range of curves for the 
desired concentrations. A plate was selected for where the blanks for the 75, 100, and 125 g/L 
samples showed no contamination. The results are shown in Figure 13. The growth seen in the 
75 g/L yeast sample is minimal. It would be expected to show a higher growth rate than seen in 
the 25 or 50 g/L samples from the previous plate. However, there may have been factors 
influencing this plate that were not present in the other plate.  These could include changes in 
the humidity and temperature of the surroundings, a contaminant stressing the yeast, or a lack 
of viable cells in the inoculate due to over-manipulation. Overall, it was shown that the higher 
the concentration of maltose, the greater the optical density of the yeast, which was expected. 
 
Figure 13: Normalized Yeast Growth Curve for 75, 100, 125 g/L Maltose 
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 Finally, 1 μL inoculates of yeast were also carried out in order to force a small number of 
cells to display the complete range of the growth curve. These inoculates were placed in wells 
containing the undiluted maltose solutions of the six standard concentrations. Due to the small 
volume of yeast, only a few of the inoculates grew. The results are shown in Figure 14. 
 
Figure 14: Yeast Growth Curve at Low Concentration Yeast 
 These curves show the typical behavior expected for a growth curve. At the start, the 
small inoculate volume that approximates a single cell is in the lag phase, where no growth 
occurs. The few cells present are likely harvesting nutrients and preparing for division. The cells 
then enter an exponential growth phase. This phase typically occurs between 4 and 9 hours, 
which supports the results from the previous curves generated. The cells then enter a 
stationary phase until about 20 hours when they begin to show cell death in this trial. It is likely 
that the zig-zag pattern seen in the 75 g/L sample is due to clumping of the yeast cells and 
breaking apart during the division process.   
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Conclusions 
 Yeast growth curves for all six concentrations of maltose were carried out. A total of 5 
plates were run. One plate showed non-contaminated blank wells for 25, 50, and 150 g/L 
maltose concentrations. The yeast curves for each of these concentrations corresponding to the 
blank wells were selected from the replicates to show the best growth pattern with minimal 
noise due to clumping. The curves were normalized against the blank wells to remove the 
sugars present in the solution from the optical density reading. A second plate showed no 
contamination for the 75, 100, and 125 g/L maltose blank wells. Again, the yeast curves were 
selected from the replicates and normalized. Unfortunately, comparing between plates is 
difficult, as slight changes in temperature or humidity would change the growth kinetics. 
Therefore, while all six concentrations were measured, two plates were needed to generate the 
results. These plates cannot be compared with each other with as high confidence as trials 
within the same plate. In an ideal case, a plate would be performed where none of the blank 
wells showed any contamination at all and the growth rates from all six sugar concentrations 
could be compared.  
 The maximum specific growth rate was calculated from Figure 14. Time t0 was taken to 
be 2.5 hours, the end of the lag phase. Time t was taken to be 9 hours, the end of the 
exponential phase. The optical density ratio between these two points was taken as 0.08/0.001 
or about 80. The maximum specific growth rate was calculated to be about 0.67 hr-1 which is 
reasonably near the literature reported value of around 0.5 hr-1.  
 Also, even when the yeast wells are normalized, the initial optical density reading is not 
zero due to the presence of an initial inoculate of yeast to begin the growing process. It does 
not make sense to subtract off the initial reading of each sample from the rest of the time 
points for that sample because, when being compared to the other wells on the plate, slight 
differences in the initial injection volume or yeast concentration could produce negative optical 
densities at the earlier time points. The small volumes of liquids required as well as the low 
yeast concentrations make injecting the exact same number of cells a virtual impossibility. 
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 Nevertheless, the qualitative comparison that was desired for the yeast growth kinetics 
portion of the investigation was achieved. First, it was determined that the exponential phase 
of the maximum growth of yeast occurs between 4 and 9 hours after inoculation. Second, the 
yeast is sufficiently mature after 24 hours that this would be a reasonable holdup period in a 
continuous fermentation apparatus to ensure that mature, ready-to-ferment yeast would enter 
the fermentation system.  Lastly, the fact that increasing sugar concentrations allow for 
increased yeast growth was supported by the results. 
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V: PART THREE: HOLLOW FIBER FERMENTER 
Literature Review 
 Hollow fiber fermenters are in use as bioreactors in a variety of lab-scale applications.  
They are used both to grow cells and to house cells to produce desired products. Monoclonal 
antibodies for therapeutic use were produced in a hollow fiber bioreactor using mouse cells 
rather than producing the antibodies in living mice by Jackson et al (31). The study concluded 
that while time and material costs were generally higher in the bioreactors than in mice, the 
productivities in the bioreactors were high enough to warrant further investigation for 
production rather than continue the use of mammalian life.  
 Inloes et al used a hollow fiber reactor to grow Escherichia coli pBR322 in a continuous 
culture for three weeks (32). The E. coli were tested for the production of beta-lactamase, 
which indicates biosynthetic ability for future use in growing other proteins. The cells were 
grown to high densities, more than 12 cells/mL of void space inside the inner hollow fibers. The 
study did discover that, on a per cell basis, the cells were only 10% as productive as their shaker 
flask counterparts. However, due to the tight packing of cells, the hollow fiber reactor produced 
over 100 times the beta-lactamase on a per volume basis than the shaker flask counterpart. 
This has important implications for industry, where high capital cost would be on a reactor 
volume basis, rather than a cell count basis. The study also noted that the reactor productivity 
was highly dependent on the number of cells in the reactor, making it likely that the 
productivity was cell-kinetics controlled rather than mass-transport limited between the 
membrane and lumen.  
 Hollow fiber bioreactors are frequently used for the culture of cells themselves in 
addition to cell byproducts. Tumor infiltrating lymphocytes were cultured in a hollow fiber 
reactor for potential use in therapeutic and research means. The cells were grown in the lumen 
surrounding the fibers, and the study estimated an 80% reduction in technical time and 
incubator space requirements (33). Streptomyces aureofaciens (ATCC 12416c), a source of 
many antibiotics, was grown in an aerobic polypropylene hollow fiber reactor (34). The cells 
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grew to high cell densities (greater than 1011 cells/cm3) and the adult cells continuously 
synthesized the antibiotic tetracycline. Cells were grown inside the inner tubes.  
 A hollow fiber fermenter has been used for the production of ethanol by S. cerevisiae.  
Mehaia and Cheryan used a hollow fiber fermenter to produce ethanol from yeast by packing 
the shell side, lumen, with yeast cells (35).  A feed of 100 g/L glucose was used and yielded 
maximum productivity. 85% glucose utilization was achieved at a productivity of 10 g 
ethanol/l/hr which is comparable to batch productivities of 100% glucose utilization at 2 g 
ethanol/l/hr. The same researchers extended their design for ethanol production by S. 
cerevisiae to lactose conversion to ethanol by Kluyveromyces fragilis, a species of yeast able to 
ferment lactose. Both a synthetic lactose medium and cheese whey permeate were used (36).  
This species was able to achieve ethanol productivities of 50 g ethanol/l/hr.  
 The most common hollow fiber membrane materials are polyethersulfone (PES), 
polysulfone (PS), and polypropylene (PP). Polyethersulfone is often used for biological 
applications because it has low protein binding, making permanent adhesion of cell materials 
unlikely. It is a hydrophilic material that has high flow rates and diffusivity. Polysulfone, too, is 
hydrophilic with low biomolecule binding and is often used in biological applications (37). 
Polypropylene membranes have high chemical resistance and strength. They are hydrophobic 
and are therefore less common in biological applications. However, they have a longer life than 
typical PES membranes (38).   
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Experiments and Results 
 A hollow fiber fermentation apparatus was constructed to achieve continuous 
fermentation with yeast flowing through the inner tubes of a hollow fiber PFTR. The apparatus 
was a basic initial design for a continuous system. The wort and yeast in this design are both 
contained in closed reservoirs and recycled through the system. Iterations of the design after 
this initial phase would include a wort and yeast flow rate that is low enough to not recirculate 
and a longer PFTR to achieve the desired conversion, which could be in the form of multiple 
small PFTRs.  
 It was determined that a polysulfone membrane would be used due to its hydrophilic 
nature. A SpectraPor ® polysulfone dialysis module from Spectrum labs was obtained for the 
apparatus. A 10,000 kDa molecular weight cutoff membrane was used given the expected size 
of the yeast particles and similar experimental setups to those in the literature (35; 32).  A 
representative illustration of the flow in the hollow fiber module is shown in Figure 15 (39).  
 
Figure 15: Hollow Fiber Module for Fermentation 
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 A stainless steel mash tun was used as the wort reservoir for this setup. Wort was 
flowed from the reservoir to an Artis 2.5 GPM RV potable water pump. Vinyl tubing with a 5/8 “ 
OD X 1/2” ID connected the wort reservoir to the pump inlet via a NIBCO ½” copper C X FPT 
adapter. The pump outlet entailed the same connections as the inlet.  The pump required 12 V 
DC. Therefore, an AC/DC power converter was required.  The pump flow rate also needed to be 
controlled. Therefore, a variable output AC autotransformer (Variac) was used ( Staco 120 volt 
1 phase autotransformer). A Sunforce ® AC/DC power converter made for 110 V AC to 12 V DC 
was used. The autotransformer was plugged into a normal wall socket. The power converter 
was plugged into the autotransformer. The DV voltage supplied by the power converter was fed 
to the pump. The pump’s flow rate was controlled by changing the voltage output of the 
autotransformer. A picture of the apparatus in shown in Figure 16, followed by a calibration 
curve of autotransformer setting versus the pump flow rate in Figure 17. 
 
Figure 16: Pump Powering Apparatus 
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Figure 17: Diaphragm Pump Calibration Curve 
  
 The 5/8 “ OD X 1/2” ID vinyl tubing was connected to 3/8” OD X ¼” ID vinyl tubing 
before being fed into the reactor. A 1/2 “ X 3/8” MIP X hose barb adapter was used to connect 
the two pieces of tubing. The smaller tubing was then connected to the hollow fiber module via 
1/4 “ hose barbs that luer locked into the hollow fiber module. A second length of the same 
sized tubing also connected to a luer-locking hose barb left the hollow fiber bioreactor and fed 
back into the reservoir of wort. Hose clamps secured all hosing connections.  
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 The yeast reservoir was a simple Pyrex 1 L bottle. The yeast was pumped out of the 
reservoir by a Watson Marlow SCI 400 Series peristaltic pump. A peristaltic pump was used 
rather than a centrifugal or diaphragm pump both to achieve the desired low flow rates and to 
prevent shear stress from lysing the yeast. Yeast flowed through the peristaltic pump was 
examined under a microscope and showed no signs of lysing. The peristaltic pump operated on 
3/8 “ OD X 1/4" ID latex tubing. This tubing connected to larger vinyl tubing (5/8 “ OD X 1/2” ID) 
which was able to connect directly to the hollow fiber feed port on the module. The connection 
was made via a 1/2 “ X 1/4” MIP X hose barb adapter secured with hose clamps. A length of 5/8 
“ OD X 1/2” ID vinyl tubing left the hollow fiber flow and returned the yeast to its reservoir. 
Again, the connection was secured with a hose clamp. A picture showing the entire 
fermentation apparatus is shown in Figure 18 and the results of the peristaltic pump calibration 
are shown in Figure 19. 
 
Figure 18: Hollow Fiber Fermentation Apparatus 
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Figure 19: Peristaltic Pump Calibration 
  
 The hollow fiber module was first tested for its ability to allow ethanol to diffuse from 
the inner tubes of the hollow fibers out into the lumen space. Pure DI water was put in the wort 
reservoir and pure ethanol was put in the yeast reservoir. The wort diaphragm pump was set to 
its lowest setting (~30/ about 1 gal/min) on the autotransformer and the ethanol peristaltic 
pump was set to 2, meaning a flow rate of about 20 mL/min. Using a micropipette, 1000 μL (1 
mL) samples were taken every 10 minutes for 1 hour from both the pure DI in the wort 
reservoir and the ethanol in the yeast reservoir to measure the change in the mass of the 
samples. Ethanol has a lower specific gravity than water; therefore, the mass of 1 mL of water 
was expected to decrease if the ethanol diffused into the lumen space. Likewise, the mass of 
the ethanol would be expected to increase if water diffused into the inner tube space.  The 
results from the first trial are shown in Table 3. 
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Time (minutes)  Mass Ethanol (g)  Mass Water (g)  
0  0.63  1.04  
10  0.68  1.18  
20  0.81  1.06  
30  0.85  1.1  
40  0.9  1.15  
50  0.92  1.11  
Table 3: Initial Ethanol Diffusion Experiment 
 In this trial, the mass of the ethanol increased but the mass of the water showed little 
change. This indicated that water was diffusing into the ethanol but that ethanol was not 
leaving the inner tubes into the water mixture, or at least not in appreciable enough amounts 
to affect the specific gravity of the water. It was determined that the water flow rate was likely 
too high and that a pressure gradient was forcing water into the inner tubes. A second trial was 
performed where the setting on the wort pump was lowered to its working minimum (~22, 
corresponding to 0.1 gal/min). The results of this trial are shown in Table 4. In this trial, the 
mass of the ethanol remained constant while the mass of the water decreased, indicating that 
ethanol was diffusing out of the inner tubes into the lumen space.  
Time (MIN)  Mass Ethanol (g)  Mass Water (g)  
0  0.8  1.17  
10  0.81  1.14  
20  0.8  1.06  
30  0.85  1.1  
40  0.87  1.11  
50  0.88  1.02  
60  0.87  0.96  
Table 4: Ethanol Diffusion Trial 2 
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 A batch of wort was then made with a grist ratio of 3.3 and a grain bill matching that 
used in the wort enzyme kinetics experiments. Eleven grams of dry yeast were raised for 24 
hours on 75 g/L maltose in 1 L of DI. The same experimental setup as above where the flow 
rates were set to those of Trial 2 was performed. The wort was covered in Parafilm to prevent 
organisms from the air entering the wort.  
 The original mass of 1 mL of the yeast solution was 1.11 g and that of the wort solution 
was about 1.08 g. The results of the experiment are shown in Table 5. 
Time (hours) Mass Yeast Solution (g) Mass Wort Solution (g) 
0 1.11 1.08 
1 1.09 1.08 
2 1.08 1.08 
3 1.12 1.06 
4 1.13 1.04 
16 1.16 1.05 
20 1.18 1.03 
24 1.16 1.04 
28 1.16 1.04 
40 1.19 1.01 
44 1.21 1.03 
48 1.18 1.01 
60 1.22 0.99 
Table 5: Yeast Wort Fermentation in Hollow Fiber Reactor 
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 The results of the first experiment indicate that the mass of 1 mL of the yeast solution 
increased meaning the yeast was not only fermenting but also dividing and therefore increasing 
in concentration, using the carbohydrates from the wort solution to increase in mass. The mass 
of 1 mL of the wort solution decreased, which could be described in part by the use of the 
carbohydrates in increasing the cell mass of the yeast and also in the conversion of the wort to 
ethanol. By observation, the wort clearly showed some fermentation, as it smelled strongly of 
ethanol. However, the wort also showed some contamination by yeast. A small, flocculated 
colony of flocculated cells was visible floating in the wort reservoir. Despite boiling the wort and 
covering the container to prevent contamination, it is possible that the wort was contaminated 
and fermented by yeast from the air.  
 It is also possible that the wort was contaminated by yeast from the system. While the 
molecular weight cutoff of the membrane was small enough that no adult yeast should have 
traversed the membrane, perhaps a ruptured membrane or a leak in some portion of the 
hollow fiber apparatus allowed for the transfer of some of the yeast solution to the wort 
container. This leak would not have shown in the ethanol trials because nothing was being 
selectively filtered in those trials.   
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Conclusions 
 A fermentation apparatus was constructed using a hollow fiber module. The apparatus 
showed ethanol diffusivity, however later trials indicate that this diffusivity could potentially be 
due to a leak somewhere in the module. When wort and yeast were run through the module, 
fermentation of the wort occurred. However there was clear evidence of yeast contamination 
of the wort. It is unclear if it was the fermentation apparatus that contaminated the wort with 
yeast, or the environment. Furthermore, it is unclear how much fermentation occurred because 
of this contamination. Perhaps the wort was contaminated late in the process and fermentation 
across the boundary of the hollow fibers did occur as predicted.  
 More trials need to be run to determine whether the apparatus is successful in the 
fermentation of wort to produce ethanol. A second hollow fiber module can be used in place of 
the first to rule out leaks as a potential cause of the yeast contamination. The first hollow fiber 
module should be tested for yeast containment to ensure that it actually prevents the yeast 
from leaving the inner hollow fibers. The experiment could be done again with a yeast strain 
that has been tagged to produce a fluorescent molecule. If contamination again occurred, the 
contaminant yeast should be checked for fluorescence, which natural yeast from the air would 
not produce. Thus, a leak in the hollow fibers could be determined as the cause of the 
contamination versus contamination from air. Furthermore, more rigorous procedures to 
maintain the sterility of the wort should also be employed, such as handling the wort in a sterile 
air chamber. While the wort run in the first trial of the apparatus was fermented to an ethanol 
product, the cause of fermentation remains unclear and the apparatus cannot be claimed 
successful at present.   
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VI. Appendix 
Isothermal starch profiles with respect to time at varying mash temperatures: 
 
Figure 20: Isothermal Sugar Profile at 61C 
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Figure 21: Isothermal Sugar Profiles at 64C 
 
Figure 22: Isothermal Sugar Profiles at 67C 
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Figure 23: Isothermal Sugar Profiles at 70C 
 
Figure 24: Isothermal Sugar Profiles at 73 C 
 
Rate Determination Plots 
 
Figure 25: Rate Constant Extraction – Dextrose 
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Figure 26: Rate Constant Extraction - Maltose Initial Rate 
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Figure 27: Rate Constant Extraction - Maltose Steady Rate 
  
62 
 
 
Figure 28: Rate Extraction – Fructose 
  
63 
 
 
Figure 29: Rate Extraction – Sucrose 
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Figure 30: Rate Extraction – Maltotriose 
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Temperature Correlations 
 
Figure 31: Summation of Rate vs. Temperature Curves 
 
  
Model Predictions of Experimental Isotherms 
 
Figure 32: Experimental vs. Model - 61 °C 
 
Figure 33: Experimental vs. Model - 64 °C 
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Figure 34: Experimental vs. Model - 67 °C 
 
Figure 35: Experimental vs. Model - 70 °C 
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Figure 36: Experimental vs. Model - 73 °C 
 
 
 
 
